There are evidences that the human right atrium and sinoatrial node (SAN) are functionally separated except at discrete SAN-atrial electrical junctions. We hypothesize that such anatomy could be a source of re-entry around the SAN.
Introduction
The sinoatrial node (SAN) is the primary pacemaker of the heart, what means that the SAN is responsible for initiating cardiac impulse. There are two crucial properties that make the SAN special. The automaticity of each of the SAN cell and stochastic, and rather free, structure of intercellular connections when compared to the structure of atrial cell connections. The SAN is located in the upper part of the right atrium close to the opening of of the superior vena cava, on the right atrium (RA). There are contradictory hypothesis of how the SAN is electrically connected to the atria :
• the SAN is electrically insulated from the surrounding atria by a structural border of fibrosis, fat layers, and myocyte discontinuity, and the functional and structural connection between the SAN and atria is limited to discrete SAN exit pathways [1] • the SAN and atrial cells are extensively connected by diffuse digitations of the SAN border with the atrial myocardium, and no discrete pathways exists [2] .
In simulations we test the effect of limits in paths connecting the SAN cells with the RA cells.
Podziemski andŻebrowski in [3] proposed a simplified, yet fully physiologically and numerically justified, model of the atria. It operates on the 2D grid of cells divided into dedicated regions of the SAN, atroventricular node (AVN) and regions of normal atrial conductive tissue in between. The ion-channel cardiac cell activity was driven by the differential equations. In particular, popular sets of equations of Fenton-Karma and FitzHugh-Nagumo were used. However, there is a modern computational technique, called hybrid automata (HA), allowing to preserve all properties of the dynamical system by separating the evolution into continuous parts and transitions between them [4] . Intuitively, short-lived, transient behaviors are represented as discrete transitions [5] .
In [6] we proposed the model of the right atrium which takes advantages of HA technique. In the following we consider the time automata (a type of hybrid automata) approach allowing to model directly the pathways between the SAN and RA, and allowing to study the impact of the density of these paths on establishing the normal heart rhythm. Also, we will present results of simulations testing the influence of tissue fibrosis and impairment of individual cells. The simulations provided a critical relationship between atrial anatomy and the rhythm of heart excitations. It occurred that at probability of 1/8 of SANatrium pathways (randomly chosen), the occurrence of the normal rhythm attained the highest probability -close to 1, in large intervals for the density of transversal intercellu- Figure 1 . Membrane AP for typical myocytes of atrium (green) and ventricle (black). Given values of uncertainty in the shape of AP follows [7] . lar connections, and for the levels of cellular impairment.
Methods

Timed automata model of an atrial cell
The method of HA relies on mapping the time development of a system into automata states and transitions between them [4] . Sets of differential equations drive the evolution in the states. In case of cardiac tissue these equation reproduce the shape of the myocyte AP, see Figure 1 .
It is easy to see that in reconstruction of the triangular shape of the AP of the atrial myocyte, the three states are enough. The first state describes a cell staying in the resting potential V R . The second state is the potential upstroke increase which occurs in response to some external stimulation V S . The third state corresponds to the decay of the membrane potential to the resting value.
It occurs that independently of the sets of differential equations assigned to the particular state, the real variables behave regularly [8, 9] . Namely, the state evolution depends on time in a linear way. One can say that the state properties, here the potential value, depend proportionally to the time spent by a cell in the state. Consequently, there is no reason to solve computationally demanding differential equations. This observation leads to the notion of timed automata [10, 11] .
Formally, for a finite set of environment events Σ, a timed automaton is defined as a tuple of [9] : A = {G, C, init(), inv(), jump(), event()}. The elements of the tuple A are described as follows: (i) G = (V, E) is a directed graph with a set of vertices V , called states, and a set of edges E, called transitions; (ii) C = {x 1 , . . . x n } is a set of real-valued variables, called clocks, which in each time step advance their value by 1 or reset it to 0; (iii) set of functions labeling graph vertices: init ⊂ Σ, inv : V → ClockConstriants, and graph edges: event : V, E → Σ, jump.Guard : E → ClockConstriants and jump.Action : E → ClockReset. The timed automaton, representing the myocyte dynamics, defined on three states, can be described by one clock variable t, and by four edges, see Figure 2 . The jumps are driven by the three model constants, ClockConstraints, namely a, f, r ξ which mean a -the length of s 0 state, f -the length of s 1 state, and r ξ the length of APD. In our proposition r ξ is a random variable, assigned to each automaton individually. The only external event, the stimulation by N S neighboring cells being in s 1 state, governs the transition between states s 0 → s 1 . Our automaton mimics the cellular intrinsic cycle with period T = a + f + r ξ . In case a = ∞ the AP cycle is evoked by the external stimulation N S ≥ N T . The random values of r ξ mimic heterogeneity between atrial cells. Additionally, to reproduce a possible impairment/fatigue of a cell, stochasticity into the TA transition s) → s 1 was introduced, see the edge label in Figure 2 . The transition is constrained by the probability p refuse .
2.2.
The network used to model the right atrium.
We assume that TA cells are arranged in nodes of a square lattice. The size of the lattice L should match the SAN cell period, namely T SAN = f SAN + r SAN + a SAN , to guarantee that one wave front is expected to propagate over the lattice in any time step. Each cell can interact with its neighbors from the Moore neighborhood: two vertical, two horizontal and four lateral ones, see Figure 3 . We assume that all atrial cells are connected vertically to reproduce the known facts about atrial architecture. Density of connections in other directions: horizontal and lateral are the model parameters. In case of cells in the SAN, there is no direction in favor.
The bordering cells of the SAN are in general isolated from the atrial cells. Some of them, selected with probability p SAN exits have a connection directed from the SAN cell to the neighboring atrial cell. tained by the continuous methods. But efficiency of such simulations is ten times better than in case of the continuous models [9] . Additionally, the HA approach allows to manipulate with heterogeneity of cellular dynamics.
Our simulations have provided a critical relationship between atrial anatomy and the rhythm of heart excitations. It occurred that at probability of about 1/8 of possible SANatrium pathways (randomly chosen), the occurrence of the normal rhythm attained the highest probability -close to 1. This property is valid in large intervals for the density of transversal intercellular connections, and for the levels of cellular impairment. The same critical relationship has been obtained with the SAN size doubled, namely, when the SAN consisted with 10x30 cells.
